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ABSTRACT 
This paper investigates the use of Optical Coherence Tomography (OCT) and Short-wave Infrared (SWIR) spectral 
imaging to study the deterioration of a Limoges enamel panel. Limoges enamels are formed of glass layers applied on a 
metal substrate and are prone to ‘glass disease’. However, the level of deterioration in Limoges enamels is generally 
difficult to assess visually. In this study, SWIR was used to produce a hydration level map of the enamel, which was 
coupled with virtual OCT cross-sections. The study shows a good correlation between levels of hydration and structural 
damage over the enamel panel. Hydration mapping allows visualisation of structural damage across the entire enamel in 
one image.   
Keywords: Limoges Enamels, Optical Coherence Tomography, Short-wave Infrared Spectral Imaging, Glass 
Deterioration, Glass Hydration, Hydration Mapping 
1 INTRODUCTION 
Limoges enamels are a glass-based painted type of enamel from Limoges, France. This type of painted technique applies 
the enamel layer-by-layer with multiple firings. A typical structure for the painted Limoges enamelling technique starts 
with a metal substrate, then a first layer of colourless enamel, sometimes a second layer of opaque enamel or a thin foil, 
then the top layer of either transparent, semi-transparent or opaque coloured enamel.  
Limoges enamels from the late 15th and early 16th century seem particularly susceptible to deterioration[1] and many of the 
enamels show varying degrees of glass disease. On individual pieces there can be a large range in deterioration of the 
enamel, with difficulty in detecting early stages of the glass deterioration and detailing the exact areas and stage of 
deterioration unambiguously[2]. 
Glass deterioration is mainly due to attack by moisture and pollutants in the air. The description of glass deterioration can 
vary widely within the community, from descriptions such as dulling of the glass to detachment of layers of the glass 
(spalling). In a review on glass degradation, Kuniki-Goldfinger[2] suggested that the most important information to focus 
on when conducting a conservation survey on the state of degradation of glass is the formation of salts, the hydration of 
the glass (gel layers) and crizzling (formation of cracks). 
Currently there are many glass studies incorporating a variety of methods, for example, Atomic Force Microscopy[3] 
(AFM), Scanning Electron Microscope[3] (SEM), Secondary Ion Mass Spectroscopy[3] (SIMS), Raman[4], FTIR[5] and 
acoustic emissions[5,6]. Although these methods are useful, they are not suitable for large museum surveys as they are either 
invasive, very time consuming or cannot be done in situ.  
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2 METHODOLOGY 
Two analytical methods were employed in situ for this pilot study on a single enamel panel, (a) Optical Coherence 
Tomography (OCT), which outputs a virtual cross-section image of the subsurface microstructure of the transparent areas 
of enamel, and (b) Short-wave Infrared (SWIR) spectral imaging used to acquire a spectra of the vibrational modes of 
water molecules.  
1.1 Optical Coherence Tomography (OCT) 
OCT is based on a Michelson interferometer, which produces a cross-section of the surface and subsurface volume 
in the form of a 3D image cube. The OCT used in this survey was a ultra-high resolution Fourier Domain OCT at 
810nm using a supercontinuum source[7]. This OCT has a depth resolution of ~1.2µm in glass (assuming refractive 
index n ~1.5), the transverse resolution given by the objective lens is 7µm. The power incident on the object is 
~1mW, which has been confirmed to be safe for cultural heritage objects[8]. The image cube collected by the OCT 
has the dimension 5x5x2mm3 and an acquisition time of approximately 10 seconds. 
Ultra-High-Resolution OCT (UHR OCT) is required for the investigation of the deterioration of enamels and glass. 
The indicators of glass deterioration are the surface deposits 
and salts that are often <10µm and gel layers close to the 
surface of the glass. Figure 1 shows the UHR OCT virtual 
cross-section (B-Scan) image of a deteriorated glass surface 
(Fig 1a) compared with a 930nm Thorlabs Callisto OCT image 
of the same glass (Fig 3b). The Callisto OCT has a depth 
resolution of 4.5µm in glass and transverse resolution of 9µm 
compared with the depth resolution of 1.2µm for the UHR 
OCT.  The UHR OCT can easily resolve the surface deposits, 
however, in the lower resolution Callisto OCT, it becomes 
increasingly difficult to resolve and identify with confidence 
the deposits that are <15µm.  
OCT measures optical distances, or the time it takes for the 
light to travel through the medium. Physical depth, or 
thickness, is measured by dividing the optical thickness by the 
refractive index. The red bar shown on Fig. 1a is measured 
from the top of the deposit (air/deposit interface) to the top of the glass (air/glass interface) indicating the physical 
depth of the surface deposit which is ~24µm. The thickness measured from the top of the deposit to the deposit/bulk 
glass interface is the optical thickness which is larger than the physical thickness. 
OCT is sensitive to the change in refractive index and images the subsurface structure of transparent and semi-
transparent materials. Fresnel reflection is strongest at the interfaces with large refractive index changes. Bright, 
well defined lines denote high reflectivity. For example, the bright interface at the top of the image is the air/glass 
interface and the bright line towards the bottom of Fig. 2b and 2c are the glass/copper and glass/foil interfaces 
respectively. Bright, diffused areas denote highly scattering regions, that is regions where there are large differences 
between the refractive index of the particles and the matrix around them. For example, the white enamel in Fig. 2a. 
Figure 2 also shows how subsurface make up differs between enamels and how OCT can be used to image these 
layers.  
Figure 1 (a) UHR OCT cross-section image of surface 
deposit, red bar = physical thickness (approx. 24µm) 
(b) 930nm Callisto OCT cross-section image 
(a) 
(b) 
Proc. of SPIE Vol. 11058  1105803-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 25 Jul 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
 1.2 Short-wave Infrared Spectral Imaging  
Short-wave Infrared (SWIR) spectral imaging provides spectral 
and spatial information, which produces an image cube, as seen in 
Fig. 3. The equipment used for this study was the HySpex SWIR-
384 grating-based system, with a spectral range of 1-2.5µm and 
288 wavelength bands (spectral sampling interval of 5.45nm). The 
spatial resolution in this setup is approximately 1mm in both 
directions. Tungsten Halogen lights were used for illumination of 
the enamels and the temperature increase was monitored to be 
<1°C at the object.  
SWIR spectral range shows absorption bands corresponding to the 
vibration modes of molecules. Prominent water absorption bands 
are located at ~1.4µm, which include the X-OH groups as well as 
molecular water (H-O-H), and at ~1.9µm which includes just 
molecular water, H-O-H[9] (Fig. 4). Due to the hydration of glass 
when it deteriorates, identification of these absorption bands can 
be linked to how deteriorated the glass is[10]. The spectrum in Fig. 
4 is taken from the mulberry area on the 1895.1223.2 enamel (Fig. 
5a).  
Water absorption at 1.9um 
(H-O-H) 
Water absorption at 1.4um 
(H-O-H) & (X-OH) 
Figure 4. SWIR Spectrum of the mulberry colour of the enamel located on the dress 
of the lady 
Figure 3. SWIR schematic image cube of 
enamel 1895.1223.2 stored at the British 
Museum 
White enamel Foil Copper 
Figure 2. Enamels from Rangers House, English Heritage Collection imaged with the 930nm Callisto OCT (a) Transparent 
enamel with a white preparation layer (b) Transparent top layer enamel with copper base visible, Artefact A is an auto-correlation 
artefact (c) Transparent top layer with a foil underneath, Artefact B is an auto-correlation artefact and Artefact C is an inter-
reflection artefact 
(a) (b) (c) 
Artefact B
 
Artefact C Artefact A 
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3 RESULTS 
The visual examination of the enamel 1895.1223.2 (Fig. 5a) indicated there was chemical deterioration within the enamel, 
however, to subdivide the extent and stage of deterioration of affected areas is not possible visually. Figure 5b pictures an 
angled view of the same enamel to show the diverse range of the deterioration across the glass surface of a single enamel.  
3.1 Hydration Mapping 
Hydration mapping is the result of mapping the level of hydration of each pixel over the entire enamel. The level 
of hydration is calculated by taking the spectrum of each pixel, choosing the absorption band and then taking the 
Equivalent Width[11] of the chosen band. Figure 6 shows the Hydration Map for enamel 1895.1223.2 where the 
equivalent width of the 1.9µm water absorption 
band was used as it gives only the molecular water 
content. The Hydration Map assessment agrees 
with what is seen visually but with more 
information about the differences in hydration of 
the enamel between the deteriorated areas.  
3.2 OCT with Hydration Mapping 
Hydration mapping coupled with OCT can give 
both the hydration of the enamel and the structural 
information of gel layers, surface deposits and 
crizzling. Figure 7 shows the hydration map of 
enamel 1895.1223.2 with numbered areas marked 
to correspond to the OCT image cross-section.  
Area 1 on the hydration map (Fig. 7) shows one 
of the most hydrated areas, this corresponds to the 
OCT image in Fig. 7.1 which shows evidence of 
a broken gel layer, surface deposits and crizzling. 
Area 2 shows an intermediate level of hydration 
and corresponds to OCT image in Fig. 7.2 which 
shows evidence of surface deposits. Area 3 shows an area of low hydration and corresponds to the OCT image in 
Fig. 7.3 showing a mostly smooth air/glass interface with the very low levels of surface deposits. The OCT and the 
hydration mapping both agree with visual assessments.  
Figure 5. (a) RGB image of enamel 
1895.1223.2 stored at the British 
Museum (b) Image under raking light 
of the same enamel to highlight the 
areas of visual deterioration 
(a) 
(b) 
Figure 6. Hydration map at 1.9um of enamel 1220.1223.2, red 
areas denote a high level of absorption, blue areas denote areas of 
low absorption 
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3 
1 
Figure 7. Hydration map at 1.9um of enamel 
1220.1223.2, with numbered areas corresponding 
to the OCT cross-section images below. All OCT 
images are 5mm (width) x 0.7mm (depth) 
 
3. 
The OCT image shows very few surface deposits 
on the OCT cross-section image. The hydration 
map details this area to be the least deteriorated 
area.  
1. 
The OCT image shows a broken gel layer and 
surface deposits around the air/glass interface on 
the OCT cross-section image. The hydration map 
details this area to be a mix between highly 
degraded to the most deteriorated on the enamel. 
 
2. 
 The OCT image shows surface deposits at the 
air/glass interface on the OCT cross-section image. 
The hydration map details this area to be an area of 
intermediate degradation. 
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4 CONCLUSION 
OCT coupled with SWIR spectral imaging can be used for preventative conservation to assess the level of deterioration 
across the entire enamel and identify the enamels most at risk. OCT and SWIR spectral imaging can give detailed, clear-
cut information about the hydration and surface and subsurface microstructure of an enamel, both of which are linked 
closely to glass deterioration.  The in situ, rapid scanning of the systems means large museum collections can be assessed 
on their hydration levels and structural deterioration.  Hydration mapping can be used as a standalone, non-invasive, 
assessment to identify the levels of hydration of an object or as part of multimodal assessment. These techniques can 
potentially flag enamels that are at risk before the worst visual deterioration has occurred. 
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